A mathematical model, incorporating the thermal component of sticking efficiency (SE t ) into the calculation of shape evolution, is formulated to predict the evolution and final geometry of plates. The plates are spray formed using a moving substrate displaced in a two-dimensional (i.e., X-Y ) plane. By using this model, the effects of the substrate movement parameters, such as the acceleration, time required to complete a stroke in the reciprocal movement direction (X-axis), and the velocity in the uniform movement direction (Y-axis), on the shapes of the plates are investigated. The processing parameters are evaluated by minimizing the values of the mean-squared (MS) surface roughness. On the basis of the evaluation, the optimal combinations of processing parameters are found.
I. INTRODUCTION
approach is described as follows. First, formulas to calculate the growth rate of any point on the plates' surface are AS a near-net-shape manufacturing technique, spray described. The sticking efficiency (SE ), whose thermal comforming is used to commercially fabricate billets, rolls, and ponent SE t represents the effect of heat transfer on the pipes, and it is being developed to produce plates in industrial buildup of the deposit's shape, is incorporated into the calcuscales. [1, 2] In order to attain this goal, several mathematical lation. In order to determine SE t , the liquid fraction in the models have been established to predict the final geometry spray ( f l,s ) is calculated by analyzing the dynamics and of plates and to investigate the effects of processing paramecooling history of single droplets, while the liquid fraction ters on the shapes of plates.
on the deposit's surface ( f l,d ) is assumed to be equal to the Tsao and Grant [3] developed mathematical formulations liquid fraction in the spray during the entire spray forming, to describe and predict the distribution of spray density and due to the high heat resistance of the ceramic substrate. the morphologies and yields of spray-formed plates, using Second, a numerical simulation of the deposition process is ultrasonic gas atomization circular and linear atomizers with performed in order to determine the new surface of the various substrate manipulation strategies, including stationdeposit. On the basis of the computational results, the effects ary and moving substrates. In References 4 and 5, flat plates of the movement parameters of the X-Y moving substrate, were produced with a moving substrate and a scanning atomsuch as the acceleration and stroke time in the reciprocal izer along the plane perpendicular to the moving direction movement direction (X-axis) and the velocity in a uniform of the substrate. In related work, Oh and Lee [6] established movement direction (Y-axis), on the shape of the plates are a mathematical formulation to investigate the thickness and investigated. The surface roughness of the plates and the surface roughness of manufactured plates with different deposition yield are introduced to evaluate the processing combinations of processing parameters, such as the traveling parameters and to find their optimal combinations. velocity of the atomizer, the moving velocity of the substrate, and the deposition rate. However, the aforementioned models considered the sticking efficiency-the ratio of droplets II. DESCRIPTION OF THE SPRAY-FORMING incorporated into the deposit's surface to all those impinging MODE on its surface-as unity. In most practical situations, a portion of the droplets fail to remain in the deposit's surface and, As shown in Figure 1 , the following spray mode is hence, the sticking efficiency is less than unity. Moreover, all employed.
(1) During spray forming, the atomizer is mainof these models assume that the deposited material grows tained at a fixed height location with respect to the vertical only along the thickness direction. Actually, the growth at Z-axis.
(2) The planar substrate moves in two directions any point in the deposit occurs along the normal direction perpendicular to each other in a horizontal plane. In the Y of the surface at that particular point. [7] direction, it moves at a uniform velocity (V ). In the X direc-In this article, a mathematical model is formulated and tion, it reciprocates with stroke (S), acceleration and decelerimplemented to predict the evolution and final geometry of ation (A), and the stroke time (T ). At the beginning of spray plates of tool steel A2 that are generated using a substrate forming, the atomizer is located at a position such that the that is displaced on a plane (i.e., X-Y ). The mathematical spray axis of the atomizer passes through the origin (x ϭ 0 and y ϭ 0). For convenience purposes, assume that the substrate is fixed and the atomizer moves in the opposite (1) A period of constant acceleration, V x ϭ A, for t e Յ t a , Fig. 1 -Spray mode and Cartesian coordinate system used in the study. 
where H (mm 3 и mm Ϫ2 и s Ϫ1 ) is the growth rate in a point of the plate surface, H g (mm 3 и mm Ϫ2 и s Ϫ1 ) is the deposition rate from the spray, and SE is the sticking efficiency.The term H g is given from the following equation: [9] Fig. 2-Standard trapezoidal velocity profile-X direction motion.
where A is the acceleration and t e is the time within a Where e n is the unit normal vector of plate surface at the stroke, t e Ͻ T.
point P, e s is the unit vector in the direction of the spray (2) A period of constant velocity, V x ϭ At a , for t a Յ t e Յ axis, and e f is the unit vector in the flight direction of the T Ϫ t a .
droplets toward the point P. The variables a, b, s, and will (3) A period of constant deceleration, V x ϭ ϪA, for t e Ն be defined in the following text. Assuming that the position T Ϫ t a .
vector of the atomizer A t is a t (Figure 3) , then The acceleration time (t a ) is given by
Assuming that P 1 ϭ (x p1 , y p1 , z p1 ) and P 2 ϭ (x p2 , y p2 , z p2 ) are two points on the surface very near P, and that n 1 ϭ At any time, t ϭ N и T ϩ t e (where N is a positive integer PP 1 and n 2 ϭ PP 2 , n 1 and n 2 spanning the tangential plane and t e Ͻ T ). The Cartesian coordinates of the atomizer (x a , of the surface at point P. Then, the surface normal (Figure  y a , z a ) are calculated from the following equation:
3) is e n ϭ n 2 ϫ n 1 ሻn 2 ϫ n 1 ሻ [6]
where s (in millimeters), the parameter in Eq.
[4], is the distance between point P and the spray axis, which is given from the following equation (Figure 3 ): [8] (H ) is determined by the following equation: [8] 
